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To design reaction vessels having concurrent two-phase flow of liquid and gas through a catalyst bed a knowledge of certain characteristics of the flow is required. The trickle bed reactor is one such area in which predictions of two-phase pressure drop and liquid saturation, the fraction of void space occupied by liquid, are important.
The purpose of this investigation was to obtain data on two-phase flow in packed beds and to establish a suitable correlation for the prediction of the pressure drop and liquid saturation. To narrow the scope somewhat this discussion will be limited to the correlation of simultaneous downflow of a liquid and a gas and to unconsolidated beds of sufficient pore diameter that capillary forces are not a major effect. Although some foaming systems will be presented, the main portion of the data is further limited to systems which do not foam.
Piret, Mann, and Wall (9) was the only reference found for two-phase concurrent flow in packed beds. The data for four runs indicated that pressure drops for a given liquid rate and with a gas velocity of 0.46 ft./sec. were different by a factor of 2 for the countercurrent and concurrent modes of flow, The concurrent pressure drop was observed to be the lower drop.
T W O -P H A S E FLOW IN PIPES
While data on two-phase concurrent flow in packed beds are quite scarce, there has been a substantial interest in pressure-drop data for twophase flow in open pipes for as long as engineers have been designing equipment to vaporize liquids or to condense vapors inside tubes. An extensive bibliography of the early investigations may be found in reference 7.
The first important correlation for two-phase flow in open pipes was proposed by Martinelli, Boelter, Taylor, Thomsen, and Morrin ( 7 ) and was based upon previously reported data as well as data obtained in horizontal pipes of 1-in. diam. and smaller. Martinelli, Putnam, and Lockhart (8) extended the base of the proposed correlation with additional data in the viscous region. The final paper in the series by Lockhart and Martinelli (6) presents the completed correlation in terms of a single curve for each of the four flow mechanisms observed. These mechanisms are as follows: turbulent flow in the gas phase with turbulent flow in the liquid phase; turbulent flow in the gas phase with viscous flow in the liquid phase; viscous flow in the gas phase with turbulent flow in the liquid phase; and viscous flow in the The prediction of two-phase pressure drop from the correlation of Lockhart and Martinelli (6) results in errors of less than f 40% provided the correct flow mechanism is assumed. Rough criteria for the transition from one mechanism to another have been given, but the need for clarification of these criteria is apparent.
In more recent years there have been extensive studies in the field of two-phase flow in pipes. Baker ( 1 ) is one such investigator; a rather complete bibliography of other investigations may be found in his article.
DESCRIPTION OF EQUIPMENT
The two-phase pressure-drop data were collected on three different pieces of equipment. One was a commercial unit and the other two were 2-and 4-in. experimental columns.
The commcrcial unit was a 40-ft. reactor, several feet in diameter, filled with ?&in. catalyst pellets. The two-phase flow in this unit consisted of an oil fraction flowing concurrently with a hydrogen rich gas at high pressure and temperature.
A detailed description will be made of one of the two experimental columns. Figure 1 is a The cycle for the liquid phase began in a 200-gal. reservoir. The liquid was pumped from the reservoir by a 5 hp., two-stage turbine pump. A portion of the liquid leaving the pump was returned to the liquid reservoir, and the remaining portion passed into the liquid rotameter system. After leaving the rotameter system the liquid passed into a 2-in. cross above the test section. In normal operation the liquid passed into a short section of 4-in. piping, through a 4 in. quick-closing valve, and into the test section. Upon leaving the test section the liquid flowed through a second quick-closing valve and into the liquid reservoir where the liquid cycle ended. When the quick-closing valves were actuated, the liquid passed through a check valve into a small surge drum filled with air to avoid a liquid hammer. When the surge drum pressure built up to 110 Ib./sq.-in. gauge, the safety valve opened and the liquid was bypassed into the reservoir.
Air was obtained from a building supply at 90 lb./sq. in. gauge and metered in a rotameter at maximum rate of 140 std. cu. ft./min. Upon leaving the rotameter the air passed through a check valve and into the %in. cross above the test section, where the liquid and gas phases were mixed before entering the test section. When the quick-closing valves were shut, the alternate paths for the air were the same as for the liquid.
Pressure and pressure-drop measurements across any desired pair of taps on the test section were made with two pressure gauges and two manometers in a manifolded system. To avoid the complications of end effects only the data from the middle section (between Taps 2 and 3 in Figure 1 ) were used, with the end sections serving as a check of reliability. Agreement in general was good; lack of agreement of the three sections was used as justification for excluding a point from consideration.
The measurement of liquid saturation depended upon the trapping of the fluids A.1.Ch.E. Journal within the packed test section between the two quick-closing valves. The accuracy of the measurements depends upon the amount of unpacked column between the quick-closing valves and upon the rapidity and uniformity with which the valves are closed. In order to reduce the unpacked volume cups and screens were introduced into each of the 4 in. quick-closing valves on the column side. This arrangement allows for uniform packing to within M-in. of the valve gates. The system of weights and cables was so arranged that a single weight closed both valves simultaneously. The weight was lifted and allowed to accelerate for about 3 ft. before acting upon the valve handles. The time required to close the valves is calculated to be less than 0.1 sec. A rubber cushion absorbed the major portion of the shock at the end of the weight's travel.
After the test section was allowed to drain, the liquid height above the bottom flange was recorded along with the pressure in the section. The holdup was calculated by multiplying the fraction of the packed length occupied by liquid times the void volume of the test section. The pressure was compared with the average of the top and bottom column pressures recorded with flow to check the proper operation of the quick-closing valves.
The measurement of liquid saturation included a brief comment on the type of flow pattern observed before the quickclosing valves were shut. Two basic flow patterns were observed: homogeneous mode, each local area in the bed is the same and there is no transient behavior; and slugging mode plugs of more dense material travel down the column. The slugs represent a sharp, localized increase in liquid saturation of the type shown in the bottom portion of the column in Figure  1 . As gas rates are increased, slugs merge into an ill-defined blurr. A combination of the two basic modes of flow was termed the " transition mode."
Temperatures were measured by copperconstantan thermocouples of the immersion type. The thermocouples were mounted in 1.5-in. lengths of %-in. stainless steel tubing and mounted through the pipe walls at the desired points. Temperatures were measured in the air rotameter outlet and at the bottom of the packed test section.
Schematically the experimental unit having the 2-in. glass column was similar to the 4-in. equipment. The main differences were: over-all pressure drops were taken rather than the middle section, and the unit was not equipped with quick-closing valves which would enable accurate determination of liquid saturation. Hence no liquid saturation data coinciding with pressure-drop data from the %in. column are reported.
SYSTEMS INVESTIGATED AND THEIR PROPERTIES
The systems of fluids and packings selected for this investigation of two-phase pressure drop and liquid saturation were chosen to provide a wide range of the variables used in the correlation of the data. These systems are listed in Table 1 , and some of the individual physical prop-erties* may be found i n Table 2 . Several of the individual fluids were also used alone to check existing single-phase correlations.
Most of the columns were packed by settling the particles through liquid while tapping the test section with a rubber hammer. This method of packing the column successfully prevented further settling of the materials during the course of the experiments. The fraction voids were determined with the packing in the test section by introducing measured volumes of water into the test section and measuring the rise in liquid level. The properties of the %-in. ceramic Raschig rings were supplied by the manufacturer. The specific surface was 148 sq. ft./cu. ft., and the fraction voids was 0.520.
The %in. spheres were made of a chemical stoneware material and were not quite spherical. The nominal diameter reported for these spheres was observed to be the average of the longest and shortest dimensions of the particles. The fraction voids was 0.362 and, in the absence of measurements of the specific surface, the particles were assumed to be spherical. The 3-mm. spheres were laboratory glass beads and were uniformly spherical and of uniform size. The fraction voids for these beads were determined to be 0.364, 0.371, and 0.375 on three different occasions of packing the column.
The catalyst cylinders investigated were % in. diameter and y8 in. in length. The fraction voids was measured to be 0.357, and the specific surface calculated to be 371 sq. ft/cu. ft.
DESCRIPTION OF OBSERVED FLOW PATTERNS
In order to describe the typical variations observed in the flow pattern a constant liquid rate will be discussed as the gas rate is varied from zero to the maximum value. With liquid filling the column a low and constant liquid rate is established in the packed bed. There is sufficient resistance at the bottom of the test section to keep the column full of liquid. As gas is introduced to the column at a very low rate, the liquid saturation is seen to decrease sharply. The formerly clear liquid phase becomes milky or opaque, and small bubbles of gas can be seen in the liquid on close observation. As the gas rate is increased, while the liquid rate is held constant, the pressure drop continues to increase and the liquid saturation to decrease. The gas bubbles increase in size and soon occupy the major portion of the void volume, while the liquid phase takes a path over the particles of the packing material. A t first the liquid layer on the packing particles is relatively thick, but it decreases as the gas rate is increased. The flow patterns encountered up to this point are termed the "homo- geneous mode," since the flow is uniform throughout the section. At some point however the flow pattern becomes nonuniform with homogeneous flow at the top of the column and a mode termed the "slugging flow" at the bottom of the column. As the gas rate is further increased, a fully developed slugging flow appears. The slugs appear to be flat plugs of higher density material flowing down the column. When they first appear, they might be about 4-in. thick and 2 ft. apart. As the gas rate is further increased, the slugs become closer and closer together and thinner at the same time. The limit is reached with the slugs blurring together with one another, and the pattern reduces to a poorly defined quiver. Even though the slugs appear well defined when viewed from a distance, close examination reveals only a small increase in the density of the flowing mixture. There is no jump or abrupt change of slope in the plot of pressure drop vs. gas rate for any of the transitions mentioned. If the amount of liquid flowing next to the surface of the packing material is observed during the increase of gas rate, it is seen to decrease steadily until at the limiting gas rate there is a very thin film of liquid on the packing and the voids are filled with a heavy mist.
At very low liquid rates the slugging mode is not observed, and the limiting gas rates produce a homogeneous mode of flow in which the liquid is carried through as a mist, with very little liquid clinging to the surface of the packing material. As the gas is introduced at the very high liquid rate, the liquid becomes milky, but the liquid saturation does not drop sharply. The liquid saturation remains quite high as the gas is increased, even when a tunneling of the gas is ob- like motion with a corresponding decrease in pressure drop. The surging phenomenon was observed in fairly narrow ranges of the experimental variables, disappearing at low liquid and gas rates and becoming small in magnitude at high gas rates. The form of instability observed in the foaming kerosene systems was also observed in tests with 0.50% solution of foaming Methocel on %-in. cylinders. The phenomenon was found to occur near the lower limit of rates which could be measured in the experimental equipment.
The surges which have been described are felt to be a definite function of the foaming system employed and probably represent a balance between the rate of emulsification and the pressure difference acting upon the foam. As the foam begins to build up, the rates are at their highest values and effect the maximum shear. The foam filling the pores causes the pressure drop to increase across the bed when constant feed rates to the column are maintained. At some point the restriction of flow and the forces on the foam combine to reduce the foaming tendency and force the foam to break. The cycle is then able to repeat itself as the pressure drop decreases and the flow is unrestricted.
Without a more complete understanding of the mechanism of foaming no precise definition could be made. For instance the foaming and large magnitude surges were apparent with fresh Methocel solutions but disappeared as the solutions aged. Also two kerosenes (of same origin but produced a year apart) with seemingly identical properties, even in surface tension, had widely different foaming properties; one produced large pressure surges, while the other kerosene had less foaming and produced only slight pressure surges.
DESCRIPTION OF TABULATED PROCESSED DATA
For a fixed geometry and system of fluids the independent variables which Figure 1 . Data from the top and bottom sections of the column were found to check that from the central section. The temperature in Table 3 was measured at the bottom of the test column. The change in temperature through the column was neglected, since the heat capacity of the liquid is much higher than that of the gas. The liquid viscosity was based on the bottom column temperature. The average liquid saturation was obtained by dividing the liquid holdup by the total void volume in the packed column. The total void volume was calculated from the dimensions of the column and the porosity of the packing material.
The major portion of the original data was transcribed on IBM cards and processed with an IBM-650. The accuracy of the observations ranges from & 3% for the rotameters to less than 0.5% for most of the manometer readings.
DERIVATION OF CORRELATION RELATIONSHIPS
The general energy balance in a flow system can be written as follows:
The shaft work is zero for downward two-phase flow, and the change in density over a smaII distance may be neglected. The kinetic energy term may also be set to zero for the velocity changes encountered. Upon integration and rearrangement Equation (4) becomes Equation in correlating single-phase friction loss. The Fanning form of the friction factor leads to the expression of the total two-phase frictional loss as
The friction factor for the liquid may be expressed in the general Blasius form as suggested for two-phase flow in pipes by Lockhart and Martinelli (6) . Expressing the friction factor for the liquid in the Blasius form one gets The collection of R 1 terms in Equation (9) gives
The first two terms in Equation (10) represent the friction factor for the liquid flowing in the unrestricted bed, since n and s depend only on the packing material and the mode of flow. The first three terms will then be recognized as the friction loss for the liquid flowing alone in the unrestricted bed with effective porosity B at the superfkial rates and conditions of the two-phase flow. Equation (10) may be rewritten as
The development shown for the liquid phase can also be carried out for the gas to show the relationship between two-phase friction loss and the singlephase loss for the gas flowing alone in the bed at the conditions of the twophase flow. The result is = 6, ( 1 -R~)c"-m) (12) F, and F, are functions of R I alone for a given packing and mode of flow.
The variable x is defined by Equation losses, S,,/(SI+S,), will be termed the "two-phase parameter." The result of the derivation is summarized in Equations (15) and (16) which state that the liquid saturation and the two-phase parameter should both be functions of x alone, for a given packing material and mode of flow. The independent variable is quite suitable for the design calculation, since it can be obtained readily from established single-phase correlations
The establishment of a correlation for two-phase concurrent flow in packed beds requires the establishment and evaluation of the functions F, and F,.
DATA CORRELATION OF SINGLE-PHASE
Confirmation of the relationships suggested by the derivation requires the evaluation of S , and 8, for the single-phase flow of each fluid. In order to prevent deviations in singlephase correIations from affecting the two-phase results data were obtained for most of the fluids and packings studied. The data were used to develop specific coefficients for the single-phase friction loss equation of Ergun ( 3 ) . (17) and (20) produces the correct average friction The effective particle diameter is equal loss for a section (4). The value of to the actual diameter for spheres.
The form of the Ergun correlation is
AP/AL was corrected for the unequal The Reynolds number and the left manometer legs by reducing the presmember of Equation (17) have been sure drops in Table 3 by the pressure plotted in Figure 2 for the nonhydro- The density Of the flowing mixture is given by factorilY accounted for by the dimen-as long as the constants of Equation p,n = p l~, + P g~g = p G~, + p,(l -R , ) .
sionless groups SO that a single Curve (17) are considered independent of was adequate for each packing mate-packing material. rial. The data for cylinders were in It has been observed that a given The single-phase losses were computed agreement with the values reported by packing can be packed to give from Equation (17) with suitable Ergun ( 3 ) for ct and 0, 150 and 1.75 the Same porosity but yield friction constants from Figure 2 . The liquid respectively. For %-in. spheres ct and losses varying by as much as 50%. saturation, the independent variable, p were 118.2 and 1.0, and the %-in. These observations indicate that the and the two-phase parameter are also Raschig rings were correlated by ct and method of packing the bed is an im-shown in Table 4 .
of 266 and 2.33 respectively. The portant variable not accounted for by Single-phase data were not obtained constants are summarized in Figure 2 (2) with the data on spheres results for the data given in Table 3 two-phase parameter is seen to be a and Raschig rings. The deviations for on air and water over %-in. Raschig well defined function of x. The liquid this correlation are well within the ex-rings. The Reynolds numbers for the saturation is also seen to be a function perimental error, and the correlation liquid and the gas phases were calcu-of X, though the scatter of data is appears to be more accurate than that lated with Equation (18) with the slightly greater. The data plotted are of Ergun, though the form of the mass rates in Table 3 . The total fric-for air with water, ethylene glycol, and latter is excellent. The consideration of tional loss for the two-phase flow is the a 2.5 weight % solution of Methocel the sphericity of the particles allows corrected pressure drop per unit length in water. The liquids had viscosities the curves in Figure 2 to shift with the as defined by Equation are established by these data on Raschig rings. The two-phase parameter and the liquid saturation are both well correlated by x, the correlations are not significantly affected by changes in viscosity, and the three modes of flow are correlated by the same curve. Another of the derived relationships can be illustrated by the Raschig ring data. Equation (11) states that the two-phase friction loss should be a function of the single-phase loss for the liquid and the liquid saturation to a power dependent upon the mode of flow for a given packing. The square root of the two-phase loss over the single-phase loss has been plotted vs. Figure 4 to test Equation (11).
R 1 in
Data for water and air over Raschig rings have been plotted, and the relationship implied by the curves of Figure 3 has been used to determine the solid curve in Figure 4 . Equation (11) is confirmed, since there are two relatively straight lines on the log-log plot to indicate that the exponent assumes two constant values. A change in exponent corresponding to the shift from laminar to turbulent flow was to be expected. The definite relationship in Figure 4 follows directly from the successful correlation of data in Figure 3 , but the two straight portions of Figure  4 further confirm the assumptions upon which the derivation was based.
The correlation suggested by Equations (15) and (16) same curves which correlate the data for %-in. Raschig rings also correlate the data on %-in. spheres.
To further establish the generality of the two-phase correlation, friction-loss data on five hydrocarbon systems and two additional packing materials are shown in Figure 6 . The curve is identical with that of Figures 3 and 5 . The two packing materials are %-in. catalyst cylinders and 3-mm. glass beads. The systems included are kerosene with natural gas, hexane with carbon dioxide, lube oil with natural gas, lube oil with carbon dioxide, and plant data from a hydrofiner processing a heavy oil fraction with a hydrogen rich gas. The plant data were obtained from a large diameter bed operated at elevated temperatures and pressures. The hydrocarbon systems were studied in a separate piece of experimental equipment from that used to obtain the data in Figures 3 and 5 . A 2-in. diam. column was used in these experiments, but no liquid saturation data were obtained for the systems included. The wide range of liquid viscosities and fluids correlated strongly support the form of Equations (15) of the values of S l , / ( 6 z + 6,) lie within f 20% of the correlating curve; the remaining 13% lie well within 40% of the curve. Over 600 data points are represented, though many lying near the curve have been omitted for clarity. The standard deviation of the friction loss data is 13%, and the errors are those which would occur in the design calculation or the back calculation of the observed data. 
A.1.Ch.E. Journal
The accuracy of the liquid-saturation data is not as good as that of the friction-loss data. Still 80% of the data fall within 20% of the correlating curve. The standard deviation is 16% for the liquid-saturation data. The symmetry of the friction-loss curve permits the fitting of a relatively simple equation as follows: 0.416 log'' (L> 81 + 8, = (log, x )~ + 0.666
( 2 2 )
The liquid-saturation data has also been fitted by the power series log,R~ = -0.774 + 0.525 (log" x) -0.109 (log, x )~ ( 2 3 ) for 0.05 < x < 30. The curves of Figures 3, 5, 6 , and 7 were constructed from Equations ( 2 2 ) and ( 2 3 ) , and the equation numbers have been shown as references to indicate the fact that all curves are the same.
Some properties of the friction-loss and liquid-saturation correlations are of interest. To be compatible with single-phase flow relationships the two-phase friction correlation must reduce to the single-phase loss for one phase as the rate of the other approaches zero. When the flow of liquid is reduced to zero, 6, and x approach zero as seen from their definitions. AS x approaches zero, the two-phase parameter approaches unity and reduces to the necessary relation that the two-phase loss becomes equal to the single-phase gas loss. A similar result is obtained by setting x and Sz to zero Equation ( 2 2 ) exhibits all properties of the friction loss correlation and may be extrapolated freely, but Equation (23) is a power series fit which is only good within the limits given.
The form of the correlation is such that the range of the pressure drops, Reynolds numbers, viscosities, and other variables cannot be determined by looking at the correlating plot. The parameter x expresses the ratio of energy losses for the liquid and gas phases, but it says nothing about their absolute values; the same applies to the two-phase parameter S,,/(S, + 6,).
There are many sets of friction losses which plot as the same value of x, and the curves of Figure 7 have been traversed many times at different pressure-drop levels. Table 5 summarizes the maximum and minimum values of the major variables and parameters studied.
It was pointed out that the usual single-phase correlations for friction loss are independent of orientation. The two-phase correlation is also expected to hold for true concurrent flow for both horizontal and upflow cases. No significant change in the liquid-saturation correlation is expected with orientation at very high rates. But since the correlation was not found to depend upon rate for the downflow problem, no change is expected in the saturation correlation with either rate or orientation when true concurrent flow is maintained. Therefore the use of the proper energy balance with the proposed liquid-saturation and fricPage 238 I .o 
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tion-loss correlations is expected to give good results for any orientation.
EFFECT OF FOAMING O N PRESSURE DROP
The data and correlations which have been presented are based on nonfoaming systems or on foaming systems with foam breakers added. The data points shown in Figure 8 were obtained from foaming systems to illustrate the large deviations which may be expected when foaming occurs under flowing conditions. The nonfoaming correlation curve serves as a basis for comparison. The observed values of the two-phase parameter are as much as five times the value predicted by the nonfoaming correlation. Figure 8 is not an attempt to correlate foaming data, but it does point up the need for a better understanding of the mechanism of foaming which would permit the correlation of such data. The plot may be of further qualitative value in determining the existence of foaming conditions within equipment by noting large deviations from the nonfoaming correlations. The complete data on foaming systems obtained on Methocel and soap solutions and on hydrocarbon systems have been recorded in the hope that a better understanding of foaming may make their correlation possible ( 4 ) . Five general observations on foaming may be made as follows:
1. Foaming produces much greater effects in smaller particle diameter beds. The mild foaming of Methocel solutions in %-in. Raschig rings had negligible effect.
2. The emulsification of gas in the liquid phase is more severe in smaller packings, and the liquid saturation is consequently reduced.
3. The effect of foaming on friction loss becomes smaller as the rates arp increased and the pressure drop rises to higher levels. The foaming forces eventually become smaller than the A.1.Ch.E. Journal frictional forces, and their effects seem to be lost. The level of pressure drop at which foaming may be neglected varies with the fluid system and packing diameter.
4.
In order to correlate the behavior of foaming mixtures some correlation must be developed for the amount of foaming as a function of the shearing and mixing of the liquid and gas phases.
The addition of a foam breaker
reduces the effect of foaming on friction loss even though some emulsification may still occur.
A correction of the parameters by consideration of the amount of emulsification was attempted with little success. The emulsification of gas in the liquid clearly expands the liquid phase and decreases its density, but corrections of this type are an order of magnitude smaller than the deviations observed. Surface tension was not found to have an effect in the correlation of nonfoaming data. Since surface tension is known to have an important effect on foaming characteristics, values have been reported with the foaming hydrocarbon systems ( 4 ) . The history of a foaming system was also found to be an important variable.
COMPARISON WlTH CORRELATION FOR OPEN PIPES
A comparison of the correlation for packed beds with the correlation presented by Lockhart and Martinelli (6) reveals a remarkable agreement with the curve obtained for the the viscous-viscous mode in open pipes. The agreement between the liquid saturation curves for beds and pipes is within the error of these curves. These comparisons are made in Figure 9 , which shows the four mechanisms for open pipes along with that of packed beds on the coordinates suggested by Lockhart and Martinelli.
The fact that the data of packed beds falls on a single curve is probably due to the excellent mixing and distribution obtained in the vertical packed column. The excellent mixing may also account for the smaller scatter in the data for packed beds. The agreement between the liquidsaturation data may actually be closer than drawn, since Lockhart and Martinelli (6) report that their saturation measurements are probably high.
The agreement between the correlations for packed beds and open pipes suggests several conclusions. The data on open pipes were for horizontal flow, while those for packed beds were for downflow. The expected applicability of the packed-bed correlation to other orientations is therefore strengthened. Further, a uniform transition appears plausible for increasing porosities reaching to 100%. The completely reduced form of the correlations seems to account adequately for all properties of the bed or pipe and the fluid systems through the use of the singlephase relationships.
USE OF THE NONFOAMING CORRELATION
An outline for a typical design calculation has been given below. Steps have been listed for the calculation of two-phase pressure drop and liquid saturation for downflow of liquid and gas when rates, inlet pressure, inlet temperature, bed length, and bed properties are given.
1. The calculation of the singlephase friction loss for the gas requires a knowledge of the average pressure in the packed section. If the bed is of great length or the friction loss is large, the bed should be broken into smaller sections. The average column pressure must be assumed and then confirmed by the calculation.
2.
Calculate the single-phase friction losses from any established correlation. If it is desired to use the Ergun equations, calculate the Reynolds number for each phase from Equation (18) by means of the mass rate of the single phase and the total porosity of the bed. Then compute the single-phase friction loss for each phase from Equation (17) with suitable constants from Figure 2. 3. Calculate the value of x and S c g / ( S l + 8,) from Equations (14)
and (22). The two-phase friction loss can then be calculated with the aid of the single-phase losses.
4.
Calculate the liquid saturation from Equation (23) and the density of the flowing mixture from Equation
5
. Calculate the two-phase pressure drop from Equation (20) and check the assumed average pressure to complete the problem.
(21).
CONCLUSIONS
This paper presents a correlation of two-phase friction loss for downward flow in vertical packed beds and of the liquid saturation accompanying the two-phase flow. A wide range of data from two pieces of experimental equipment and a commercial unit have been correlated with a standard deviation of 13% on friction loss and 16% on liquid saturation.
The design calculation can be made from the knowledge of single-phase friction losses for the gas and the liquid when they flow alone in the bed. This knowledge may come from any established single-phase correlation or from experimental data. The use of the single-phase friction losses satisfactorily characterizes the packing material and fluid properties so that these variables do not appear directly in the two-phase correlation.
The friction loss and saturation correlations are expected to hold for any orientation of the bed so long as true concurrent flow is maintained. The pressure drop may be obtained from the predicted friction loss through the proper energy-balance relation based upon orientation. 
